The metabolism of iron involves a series of compounds which restrict iron to undissociated forms. Upon absorption by gut mucosal cells, iron is enveloped within ferritin molecules (1, 2) . In the presence of reducing agents, ferritin iron then is released to the surfaces of ferritin molecules (3) to become bound by a specialized transport protein of the plasma.' This iron-binding protein (IBP) is a ,81 globulin by electrophoretic analysis but resembles albumin in chemical properties (5, 8) . Each molecule of IBP from human plasma or from the plasma of several other mammalian species studied, in common with the IBP of egg white, "conalbumin," binds two iron atoms to form a colored complex (5, (9) (10) (11) (12) . Iron bound by these proteins is in the ferric state (5, 8) and is tightly chelated in complexes which apparently contain three phenolic groups and one bicarbonate ion (7, 11, 12) . At a physiologic pH and bicarbonate concentration the iron-IBP complex is extremely stable. In some manner, however, iron is transferred from IBP to immature red cells for incorporation into heme. Although it is well established that immature red cells, either as intact cells or as hemolysates, can utilize ionic iron for heme synthesis (13) (14) (15) (16) (17) (18) (19) (20) , little is known of the mechanism releasing iron from plasma IBP for cellular utilization. It is often assumed that this mechanism for transfer-* This investigation was supported in part by a grant from the Helen Hay Whitney Foundation, and by a research grant, P. H. S. No. RG3507 (C5), from the National Institutes of Health, Public Health Service. 1Although several metals, including Cu+, Zn+ (4, 5), Co' and Mn"I (6) may combine with this protein, its sole known physiologic function is to transport iron through plasma. Thus the terms transferrin (4) , siderophyllin (7) , and iron-binding protein, of which the last will be employed in this report, are perhaps preferable to less specific terms such as metal-binding protein or metalcombining globulin.
ring iron from IBP to immature red cells includes transition through marrow iron storage sites. Recently, indeed, Bessis and Breton-Gorius (21, 22) have interpreted their electron-microscopic studies of immature red cells to indicate that erythroblasts may obtain iron for hemoglobin synthesis by removing iron particles from contiguous macrophages. The physical disadvantages of such a system as compared to a soluble transfer system are great, however, and the observation by Walsh and co-workers (15) that intact immature red cells (human reticulocytes) are capable of taking up iron bound to plasma in vitro suggests that normally iron is transferred directly from IBP to immature red cells.
The interaction between IBP and immature red cells represents a physiologic transfer system peculiarly susceptible to study in vitro. Observations characterizing this interaction, partially described in a preliminary report (23) , are presented below.
MATERIALS
Iron-binding protein of a high degree of purity was prepared as described elsewhere by Inman (24) , using as a starting material Fraction IV-7, obtained by standard ethanol fractionation procedures and saturated with iron.2 After recrystallization six times this material was analyzed by electrophoresis and found to contain 97.6 per cent iron-binding protein. Its molecular weight was calculated from data obtained by ultracentrifugation and by diffusion to be 87,000 (6) .
Iron-saturated conalbumin, prepared from hen's eggs, was generously supplied by Dr. Robert C. Warner.8 The 2 In this method the pH is not reduced below 5.2. Below a pH of 5, this protein is at least partially denatured. Partial denaturation of IBP during its preparation presumably accounts for differences reported (25) in the turnover of iron bound to unaltered plasma IBP as compared to iron bound to certain commercial fractions of IBP.
3Department of Biochemistry, New York University College of Medicine, New York, N. Y. iron in this material was removed by dialysis against a 0.4 per cent solution of the disodium salt of ethylenediaminetetraacetic acid (EDTA) 4 in physiologic saline adjusted to pH 5.6, and EDTA was subsequently removed by repeated dialysis against iron-free saline buffered at pH 7.4. Throughout these experiments Fe'5 was derived from dilute acid solutions of radioactive ferric chloride to which four parts of stable carrier iron were usually added. Studies of cobalt utilization by red cells were carried out with CoC°Cl2.5 Whole heparinized blood samples rich in reticulocytes were generally obtained from patients either with pernicious anemia during therapeutic response or with hemolytic anemias. In certain instances the proportion of reticulocytes was increased by centrifuging and withdrawing the top portion of packed red cells. Finally, saline suspensions of red cells were usually prepared by washing the specimens of heparinized peripheral blood three times by centrifugation in approximately 20 volumes of ironfree physiologic saline. For the sake of brevity such reticulocyte-rich red cell suspensions are referred to below in many places simply as "reticulocytes."
METHODS
Hematocrit and hemoglobin values of the washed red cell preparations were determined by standard methods (26) ; reticulocytes were enumerated by the dry method (26) after resuspension of a drop of washed cells in two drops of plasma.
Complexing of iron and IBP was produced by slowly adding Fe'Cl8 to solutions of IBP in iron-free physiologic saline containing 10' M NaHCO,. This mixture was allowed to react for one hour at room temperature before addition to red cells, although color due to the formation of the Fe-IBP complex regularly reached a maximum within a few minutes of admixture.
Cobalt and manganese also form stable colored complexes with IBP and, as with iron, the trivalent state is required for this reaction (6) . Unlike iron, which autooxidizes readily to the ferric state under physiologic conditions, cobalt requires the presence of an oxidant in order to remain in the cobaltic form. Thus one-tenth volume of 0.1 M HO, was added to the reaction mixture containing Co'Cl,, NaHCO. and IBP.
In the majority of experiments a 30 1AM concentration of IBP was employed and equal volumes of 20 or 30 /AM concentrations of metal were added, resulting in one-third and one-half saturation, respectively, of the iron-binding capacity of IBP. Actual determinations of the iron-binding capacity of purified IBP, plasma or serum were made by the method of Rath and Finch (27) , and iron concentrations were measured by the method of Kitzes, Elvehjem and Schuette (28) .
Following addition of washed red cells to the Fe"-or Co'-containing test mixtures of the type described above, the mixed suspensions were incubated at 370 C. with agitation. At the end of the incubation period the red cells were washed with physiologic saline five times. The packed washed red cells were then diluted with physiologic saline to a given volume in volumetric flasks, from which 3 ml. samples were withdrawn for determination of whole red cell radioactivity in a well-type scintillation counter. The red cell radioactivity was compared to that of the standards, and the red cell uptake of metal was generally expressed as micrograms of metal per milliliters of cells.
The fraction of radioactivity not present in the red cell membranes was estimated in most experiments by centrifuging 5 ml. of the final cell suspension and hemolyzing the sedimented cells with 3 ml. of distilled water; 0.7 ml. of 5 per cent NaCl was then added, and the suspension was made up to volume in a 5 ml. volumetric flask with 0.85 per cent saline. The uptake of Fe59 bound to IBP by mature and immature red cells Iron bound to IBP (as 30 AM, half-saturated Fe59 IBP) was not taken up by mature red cells despite incubation at 370 C. for as long as 24 hours. However, with red cell suspensions rich in reticulocytes an appreciable transfer of iron from IBP to the cells occurred, with a slowly diminishing rate of uptake over the course of several hours of incubation ( Figure 1 ). By contrast, iron bound to human albumin (Cohn Fraction V), in a concentration equimolar to that of the IBP studied, was transferred to some extent to mature red cells. Although iron was preferentially taken up from albumin by reticulocyte-rich cell suspensions, the uptake by these cells was less than was the case with IBP ( Figure 1 taken up by the mature red cells was almost entirely eluted by EDTA ( Figure 3 ) as is true of other multivalent metals adsorbed onto red cells (30) . Thus, the 28 per cent of the radioactivity that remained unelutable despite high concentrations of EDTA ( Figure 3 ) was presumably bound to reticulocytes, but was not incorporated into heme, for 88 per cent of it was attached to the cell membranes.
In an effort to determine the chemical fraction of reticulocyte membranes to which Fe59 was bound, a reticulocyte-rich red cell suspension was incubated with autologus plasma, which had been brought to half-saturation with Fe59. These cells were then washed five times with physiologic saline, after which they were hemolyzed in three volumes of cold water and later suspended in 50 volumes of cold acetate buffer for 18 hours.
The stroma residue which precipitated from this suspension was subjected to lipid extraction by the method of Folch and associates (31) . Less than 0.1 per cent of the Fe59 taken up by the cells was recovered in the lipid extract of their membranes, whereas 34.8 per cent remained bound to the stroma residue. This Fe59-containing residue was partially soluble in 30 per cent sodium cholate. However, efforts to characterize the iron-binding component of this cholate-soluble extract by paper electrophoresis and by column chromatography were unsuccessful.
The transfer of iron from IBP to reticulocyterich suspensions of red cells was greatly affected by the degree of iron saturation of the IBP. In Figure 4 it is evident that the Fe59 uptake of reticulocytes approached a plateau when the iron saturation of the IBP exceeded 20 to 30 per cent. At iron saturations in excess of 60 to 85 per cent there was usually a sharp increase in Fe59 uptake; this appeared to, be a nonspecific adsorption, for a similar sharp increase in Fe59 uptake also occurred when adult red cells were so studied. This "nonspecific" iron uptake at high iron saturation was partially diminished by increasing the bicarbonate concentration. Comparable experiments in which iron-deficient human plasma was saturated to various extents with iron revealed that only when the plasma iron-binding capacity was exceeded did iron "nonspecifically" attach to red cells. Even when the iron-binding capacity of plasma was exceeded, however, a majority of the excess iron was bound by other proteins. As indicated by filter paper electrophoresis and autoradiography, iron added in excess of the plasma iron-binding capacity at an alkaline pH was largely bound to a protein migrating midway between the alpha-1 and alpha-2 globulins; greater excesses of iron also migrated with albumin. There was no difference in this respect between normal plasma and the plasma of patients with hemochromatosis.
When the IBP was less than about 20 per cent saturated, the iron uptake of reticulocytes diminished despite an amount of iron in the system well in excess of that utilizable by the reticulocytes. The competition of IBP for iron in the presence of a given volume of reticulocytes was demonstrated either by maintaining the IBP concentration constant and varying the amount of iron added ( Figure 4 ) or by keeping the iron concentration constant and varying the amount of IBP ( Figure 5 ).
When to a given amount of reticulocytes various quantities of IBP of a constant Fe59 saturation (33.3 per cent) were added, the Fe59 uptake increased in proportion to the IBP concentration until a concentration of 160 juM was exceeded ( Figure 6 ). Thereafter, further increase in Fe59 IBP caused no further uptake.
In an effort to detect whether IBP entered reticulocytes or became attached to their surfaces, measurements were made of the IBP concentration of a preparation before and after exposure to a relatively large volume of reticulocytes. Despite removal by the reticulocytes of over 30 per cent of the iron, there was no change in the total IBP concentration. was then added to each separatory funnel and the mixtures were re-equilibrated three times with the same gas mixtures and incubated at 370C. for three hours. As portrayed in the upper part of Table II , the iron uptake of the whole cells (presumably reticulocytes) was least under anaerobic conditions and increased somewhat with increasing 02 tensions. On the other hand, the portion of red cell Fe59 which was present in the supernatant solution derived from hemolysates of these cells was greatest under anaerobic conditions and diminished with increasing 02 tensions.
Although it was possible to decolorize partially the iron-IBP complex with certain reducing agents such as sodium metabisulfite (2 X 10-2 M), cysteine (10-3 M) and glutathione ( pairs of strips is the unstained hemoglobin paper electrophoretogram. In each the heavy spot to the left represents hemoglobin migrating toward the anode, and the small spot to the right is at the origin and consists largely of cell membranes. The lower (darker) of each of the four pairs of strips is the autoradiogram of the paper strip.
As compared to incubation without lead (left), reticulocytes incubated with 10-' M PbCl2 (right) showed a marked inhibition of incorporation of Fe' into hemoglobin, whether the Fe' was derived from Fe' IBP or FeWCI. At this concentration of lead, however, the total reticulocyte uptake of Fe' was only slightly inhibited, causing a relative accumulation of Fe' on the reticulocyte membranes. Note in the control study how much more efficiently Fe's was incorporated into hemoglobin when derived from Fe' IBP than when derived from FeCl,.
(b) after hemolysis with three volumes of distilled water, and (c) after hemolysis by rapid freezing and thawing. After incubation for two hours at 370 C. the intact reticulocytes in (a) were also hemolyzed with distilled water, and the cell membranes in all tubes were then washed three times with cold physiologic saline. The Fe59 content of the membranes from the reticulocytes hemolyzed in (b) and (c) before incubation with Fe59 IBP was only 7 per cent of that of membranes from reticulocytes in (a) which were intact during the incubation period. The uptake of Fe59 from Fe59 IBP by reticulocytes was moderately depressed, but not abolished by HCO5-concentrations in excess of 10-2 M. At given HCO5-levels, sodium acetazoleamide at concentrations as high as 50 mg. per ml. cells had no effect on iron uptake. Each of several "metabolic inhibitors" studied (10-2 M sodium cyanide, 10-2 M sodium fluoride, 10-2 M sodium azide, 10-3 M sodium arsenate and 10-i3 M iodoacetic acid) reduced the Fe59 uptake by reticulocytes (suspended in Krebs-Ringer phosphate so- Figure 10 ). On the other hand, the adsorption of Fe59CI, by these enzyme-treated cells was unaffected. As indicated by the interrupted line in Figure 10 , the uptake of iron from Fe59 trypsin, however, caused a marked suppression of their uptake of iron from either purified IBP (left) or from plasma (not shown). This effect of trypsin was partly reversed by the presence of glucose (interrupted line). RDE also diminished the subsequent uptake of reticulocytes of Fe from Fe IBP. However, the quantity of RDE preparation required to cause inhibition far exceeded that of trypsin. 
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FIG. 11. THE UPTAKE OF FE FROM RAT SERUM BY RAT LIVER SLICES AS A
FUNCTION OF TIME Rat liver slices took up iron from rat serum in direct proportion to the period of incubation. Only when comparatively small amounts of Fe'9-labeled rat serum were present, however, was an actual concentration gradient achieved.
Thus when five rat liver slices were incubated with 0.01 ml. of Fe'n serum for six hours (solid triangles), the concentration of Fe5' in the slices was 3.1 times that of the medium. However, when 0.8 ml. of Fe'n serum was present (solid circles) the concentration of liver slice Fe' was only 0.15 that of the medium. destroying enzyme (34) was investigated. Lyophilized "Receptor-Destroying Enzyme" (RDE) ,' derived from vibrio cholera filtrates by the method of Ada and French (35) , and quantitated in the manner of Burnet, McCrea and Stone (36) , was dissolved in saline, and various amounts were added to a series of tubes containing buffered saline (pH 6.6) and 0.002 M CaCl2. Washed suspensions of reticulocyte-rich red cells were incubated with the RDE preparations, and the cellular uptake of Fe59 was then determined as described above for the experiments with trypsin.
Like trypsin, RDE had no effect upon the ability of red cells to adsorb Fe.. from Fe59Cl in saline. However, at concentrations of this enzyme exceeding 1 unit per ml., reticulocytes 9 Behringwerke, Marburg-Lahn, Federated Republic of Germany.
were impaired in their ability to take up iron from Fe59 IBP (Figure 10 ). Nevertheless, compared to trypsin, much greater concentrations of the RDE preparation were required to inhibit such iron uptake. Thus, 240 mg. of RDE protein per ml. red cells was required to suppress iron uptake to the degree effected by 0.01 mg. of trypsin per ml. red cells. Preincubation, in an analogous manner, of reticulocyte-rich red cells and potassium periodate (KIO3, which also inactivates sialic acid and related substances (37) , caused a moderate (27 per cent) diminution of subsequent iron uptake by the reticulocytes from Fe"5 IBP. However, the concentration of KI04 (10-3 M) required to accomplish this inhibition was very close to that concentration (2 x 103 M) causing hemolysis.
IRON TRANSFER TO RETICULOCYTES
Comparisons between the uptake of Fe59 by rat reticulocytes and rat liver slices The mechanism of uptake of iron from IBP by a nonerythroid, iron-requiring tissue was explored by utilizing rat liver slices. Livers, freshly obtained from decapitated Lobund rats, were cut with a Stadie-Riggs microtome into slices weighing 50 to 100 mg. The weighed slices were then placed in groups of five in iron-free flasks containing 2 ml. of Krebs-Ringer-phosphate solution to which glucose had been added. After equilibration by agitation at 370 C. under 95 per cent oxygen and 5 per cent CO2, 1 ml. volumes of autologous rat serum which had been half-saturated with Fe59 and diluted with saline were added to each flask. Appropriately, at various time intervals, the supernate of each selected flask was decanted and saved, and its liver slices were rinsed 10 times in 50 volumes of saline. The Fe59 activities of each supernate and of the corresponding slices were then determined and expressed as the ratio of the Fe59 concentration per gram of liver slice to that per milliliter of medium.
As shown in Figure 11 , rat liver slices accumulated Fe59 at a steady rate during six hours' incubation. However, in this system a concentration of Fe59 by liver slices exceeding that of the medium was only manifest after several hours when the Fe59 serum was present in relatively small amounts (< 0.1 ml. serum, half-saturated with Fe59, per flask). Fe59 accumulated by rat liver slices did not leak out if the slices were subsequently incubated with rat serum half-saturated with nonradioactive iron. On the other hand, liver slices for five minutes not only failed to diminish the subsequent accumulation of Fe59 from plasma by liver slices, but actually augmented it moderately. Boiling of rat reticulocytes, on the other hand, virtually abolished their capacity to take up iron.
A comparison between the uptake of iron by reticulocytes and by liver at various iron saturations of IBP was made by separately incubating autologous rat reticulocytes and liver slices, respectively, with purified human IBP which had been incubated with various amounts of Fe59Cl. The reticulocytes and liver slices were taken from a rat which had been bled 20 ml. per Kg. body weight three and four days before sacrifice. As depicted in Figure 12 , rat reticulocytes resembled human reticulocytes in that the Fe59 uptake tended to level off when the iron saturation of the IBP preparation exceeded 20 to 30 per cent, only to rise further as full saturation was approached. With liver slices, on the other hand, Fe59 uptake increased slightly in a linear relationship with IBP saturation until, again, heavy deposition of Fe59 appeared at high saturations. It is apparent from this figure that at low IBP saturations the relative capacity of reticulocytes to take up iron was great, as compared to liver slices, whereas at high saturations of IBP the relative ability of liver slices to take up iron increased sharply.
The uptake of cobalt by mature and immature red cells
Cobalt, like most multivalent metals, combines with the membranes of normal washed red cells (30) . Unlike iron or chromium, however, cobalt (as saline solutions of Co60C12 or Co60Cl5) was invariably taken up more avidly by reticulocytes than by adult cells. The red cells of several patients with increased reticulocytes were centrifuged and samples were removed from the top fractions (which contain most of the reticulocytes), the middle fractions, and the bottom fractions (said to contain the oldest cells [38] ). In Table   IV , it is apparent that the most immature red cells took up Co++ most extensively, and that
Co++ uptake was roughly inversely proportional to cell age. Cobalt oxidized to Co... by the presence of 10-2 M H202 was similarly accumu- (6) . This compound is stable as long as the cobalt is maintained in the trivalent state by a suitable oxidant, and unlike Cuw and Zn", Cot++ is not displaced from IBP by Fe++. When Co60 IBP was incubated with adult red cells, little Co60 became attached to the red cell membrane until the IBP was more than half-saturated. When the cobalt saturation of IBP was less than 50 per cent, however, the Co60 uptake of reticulocyte-rich red cell suspensions was from 5-to 12-fold as great as that of adult red cells. It is to be noted that this was an even greater degree of preferential binding by reticulocytes than occurred with ionized cobalt. However, the uptake of Co60 from Co60 IBP by reticulocytes was considerably less than that of Fe59 from comparable preparations of Fe59 IBP, averaging about one-tenth as much.
Colorimetric interference by serum made it difficult to determine by spectrophotometry whether or not Co+++ in the presence of H202 formed a colored complex with the IBP or irondeficient serum. However, with several specimens of human and of rat sera it was possible to show that CoCl., added serially to plasma in a manner comparable to that employed in the determination of the serum iron-binding capacity (27) , produced small increments in light absorption at a wavelength of 400 mJu. The erythropoietic effect of Co IBP in vivo was studied in four rats. Each was injected intravenously twice weekly for eight weeks with 2.5 ml. volumes of rat plasma which had been freshly incubated for one hour in the presence of H202 and sufficient CoCl2 (10 pug.) theoretically to saturate fully the plasma IBP. No hematologic change occurred in rats injected with small amounts of cobalt in this form.
DISCUSSION
In common with most multivalent metals (30) , iron in the free cationic form is adsorbed onto the membranes of either mature or immature red cells. This adsorption is injurious to red cells and may lead to their agglutination and even to hemolysis (30) . Although both mature and immature red cells may take up free Fe+++, only the immature cells have the capacity to incorporate this membrane-bound iron into heme. The nonspecific capacity of red cell membranes to absorb cations such as iron presumably explains an observation by Ellis, Brandt and Thacker (39) that more iron was taken up in vitro by washed than by unwashed reticulocytes with which serum binding of iron would be in competition.
The mature red cells from patients with acquired hemolytic anemia whose red cells are agglutinable by Coombs serum, as well as red cells sensitized with incomplete anti-D antibodies, take up less free Fe.. than do normal red cells, suggesting that those chemical groups on the red cell membrane reacting with Fe+++ are partially blocked by such protein "coatings."
In contrast to free cationic iron, iron bound to human serum IBP was readily utilized by immature red cells but was completely unavailable to mature red cells. In this sense the iron transporting protein of plasma is involved in a remarkable mechanism for restraining iron from reacting with, and perhaps causing injury to, cells not requiring iron while making iron available to cells which utilize iron. In comparing several substances with IBP in terms of the selectivity with which iron bound to them was utilized by reticulocytes and not by mature red cells, albumin was found to be much less selective, and gamma globulin and EDTA did not function in selective transport capacity at all.
The transfer of iron from IBP to reticulocytes is not species specific. Indeed, it is not even class specific, since human reticulocytes readily utilized iron bound to conalbumin, the iron-binding protein of egg white, although conalbumin does inhibit iron utilization by bacteria (9) . Conversely, a recent report by Paoletti (40) indicates that avian red cells are able to utilize iron from a preparation of human IBP. These observations indicate that the structure of the protein bearing the ironchelating groups of IBP is not critical to the transfer of iron to immature red cells. On the other hand, the iron-chelating rings of IBP and of conalbumin are believed to be very similar (12) .
The transfer of iron from IBP to immature red cells did not approach a maximum until the iron saturation of the protein reached 20 or 25 per cent, and nonspecific "unloading" of iron from IBP on to mature red cells began to occur at saturations above 60 per cent. It is therefore of interest that these are approximately the lower and upper limits, respectively, of normal IBP saturation in man. Thus, it is tempting to conclude that these homeostatic limits are preserved because below a saturation of 20 per cent IBP competes successfully with the marrow for iron, while above 60 per cent saturation iron is unloaded onto tissues having comparatively less affinity for iron. Experimental support for such a mechanism in the regulation of serum iron levels is provided in the comparative study of iron uptake by rat reticulocytes and rat liver slices. It is apparent in Figure 12 that at high iron saturations of IBP there is a sharp increase in the proportion of iron deposited in liver as compared to reticulocytes. The inability of liver slices, as compared to reticulocytes, to take up iron at low IBP saturations may explain the observation of Beutler (41) that rat liver cytochrome C levels are more strikingly reduced during mild or modest iron deficiency than are hemoglobin levels.
Since the total IBP concentration of serum increases during iron deficiency as well as during pregnancy (42) , with consequent lowering of the percentage iron saturation, the resultant more active competition by the more unsaturated IBP for iron ( Figure 5 ) might be considered disadvantageous to the immature red cells. A similar situation pertains to serum thyroxine-binding protein, the levels of which increase in myxedema and in pregnancy (43) . Thus, this transport protein also appears to compete with tissues for the transported metabolite (44) . It is, of course, possible that the levels of these two proteins are homeostatically adjusted primarily with respect to achieving maximum loading rather than unloading of iron and thyroxine, respectively.
The reticulocyte membrane acts in a role intermediate between the stage of plasma transport and heme synthesis, as suggested by Walsh and his associates (15) , and may be considered the site of an iron-trapping mechanism. It is clear that IBP, with a biological half-life of at least 12 days (45) , is not consumed during the cellular utilization of iron, which normally is half-cleared from the plasma in less than two hours. Although theoretically iron may be released from IBP by reduction, a drop in pH, or removal of HCO8-, it is also clear from the studies with EDTA reported here that, in transfer, iron is not released from IBP for any appreciable time or distance as a free ion but is directly and intimately transferred from IBP to the reticulocyte membrane. No evidence was obtained that IBP itself entered or became attached to the surfaces of the reticulocytes, although a momentary physical interaction of this sort would be hard to exclude. It is probably more reasonable to assume that IBP molecules in close proximity to the reticulocyte membrane relinquish iron to specific iron-binding receptors on the cell surface. Consistent with this explanation is the finding of a competition between IBP and reticulocytes for iron, in vitro, and the striking inability of reticulocytes to take up iron from IBP after these cells had been exposed to very small concentrations of trypsin and chymotrypsin. It is not possible to assign any specificity to this action of trypsin except to note that extremely low concentrations of trypsin were effective, and that the respiratory and glycolytic activities of the reticulocytes were unaffected by these concentrations. Although trypsin readily lyses the neuraminic acid group of substances, such as occur prominently on red cell surfaces (34, 46) , the comparatively weak effect of "receptor-destroying enzyme" and of periodate in inhibiting iron uptake by reticulocytes indicates that the iron receptors of red cells are not identical with those red cell receptors which react with many viruses and which consist primarily of n-acetylneuraminic (sialic) acid (34, 47, 48) . The inability to remove more than 5 or 6 per cent of the Fe59 from reticulocyte membranes with high concentrations of IBP or EDTA is presumably attributable to the rapid incorporation of membrane iron into undissociable complexes.
It is difficult to say whether immature red cells differ from mature red cells in their ability to trap iron because immature red cells possess unique receptors or because they alone are able to metabolize membrane iron further, leaving such receptors continually unsaturated. Tishkoff, Robscheit-Robbins and Whipple have shown that the red cell stroma of dogs contains 12.4 jug. of iron per ml. red cells and that most of this is hemin iron (49) . Human mature red cell stroma was found by Tishkoff normally to contain less than 1 ug. of nonhemin iron per ml. red cells, although in certain patients with erythroblastemia stromal iron levels were distinctly higher (50) . The concentration of iron in the stroma of immature red cells at various stages of development is not known, but it is known by optical microscopy and, recently, by electron microscopy (21, 22) that the stroma of immature red cells, including reticulocytes, normally contains numerous iron-rich granules. Many of these granules have the aspect of ferritin (1) by electron microscopy (21, 22) . It thus seems reasonable to suppose that in its stromal phase iron may exist in part in the form of ferritin, although, using chemical methods, we have been unable to demonstrate this. Nevertheless, it is probable that the proportion of iron localizing in the reticulocyte membranes in the experiments reported here far exceeds that which occurs in vivo. Whereas the mechanism for trapping iron remains relatively intact for several hours in vitro, it is presumed that the mechanisms for metabolizing the iron further partially break down.
Certain bacteria and smut fungi which require iron for the synthesis of cytochrome C and other iron-containing substances produce organic compounds with a strong affinity for iron when grown in an iron-deficient medium 10 (51) . It is believed that these organic compounds serve as carriers for the transfer of ferric ions from the medium into the bacterial cell for use in heme synthesis (51) and are analogous to the mineraldissolving organic compounds excreted by certain higher plants capable of growing on rocks (52) . Neilands (51) found several compounds which, when added to simple media, served to render iron available for bacterial utilization; these included citric acid and fructose-phenylalanine. The function of the latter in this respect is of interest, since red cell membranes contain ketose-amino acids (46) and since Borsook and his associates (53, 54) have reported that ketoseamino acids stimulate the incorporation of amino acids into the proteins of reticulocytes when added in the presence of iron. In order to examine the possibility that ketose-amino acids participate in the transfer of iron from IBP to immature human red cells, fructose-phenylalanine, fructoseglycine and fructose-glutamine were prepared by the method of Abrams, Lowy and Borsook (55) . The effect of various concentrations of these substances on Fe59 uptake from Fe59 IBP by suspensions of mature red cells, of immature red cells and of trypsinized immature red cells was then assessed. In no instance was there an acceleration of iron uptake or of iron incorporation into hemoglobin by these cells. These negative findings fail to support, but do not exclude, the possibility that such compounds, in proper steric arrangement, may function as iron-binding or ironcarrying components of the membranes of immature red cells. It is reasonable to suppose that the iron-binding substances manufactured by irondeficient bacteria and fungi are designed merely to render inorganic iron in the surrounding medium soluble and diffusible, and that the evolution in animals of cell receptors capable of directly removing iron from IBP supplanted that mechanism. Bacteria, on the other hand, ordinarily have no need for such receptors, and indeed do 10 Interestingly, the smut fungus, U. sphaerogena, becomes pale and releases iron-binding compounds into the medium when the iron concentration of the medium falls to levels similar to those in the sera of iron-deficient patients (25 ltg. per cent); these compounds disappear when the iron concentration is raised to that of normal sera (>100 jsg. per cent) (51) . not possess them, as indicated by their inability to utilize conalbumin-bound iron (9 (57) , and these are situated at least in part in the cell membrane (57, 58) . Since hemolysis was found here to block the transfer of Fe59 from Fe59 IBP to reticulocytes, it is of interest that Hofmann and Rapoport (59) found that the respiration of reticulocytes in vitro was considerably reduced by hemolysis, probably by disruption of the tricarboxylic acid cycle. One may reasonably conclude that the uptake of iron by immature red cells is dependent at some stage upon metabolic energy, although this energy may not be directly required for the actual transfer of iron from IBP. In its dependence upon metabolic energy, iron uptake from IBP by immature red cells differs from that by rat liver slices. Saltman, Fiskin, Bellinger and Alex (60) have reported that rat liver slices accumulate iron against a concentration gradient, and that this accumulation is unaffected by metabolic inhibitors. However, the iron employed in those studies was not bound to IBP, and the findings are more analogous to those described here with red cells in which unbound iron was used.
The fact that appropriate concentrations of "Although calculation of the heat of activation of a complex and incompletely-understood reaction as is involved here is very crude, the value for heat of activation calculated from the data in Figure 6 is within the range encountered in "active metabolic" or "enzymatic" reactions (56).
1. H. JANDL, J. X. INMAN, R. L. SIMMONS, AND D. W. ALLEN lead block iron incorporation into the hemoglobin of reticulocytes without blocking the cellular uptake of iron from IBP indicates that the rate of transfer of iron from IBP is not directly dependent upon the rate of heme synthesis. Furthermore, these studies indicate that under these conditions lead-poisoned reticulocytes tend to accumulate nonhemoglobin iron on the cell membranes. Direct electron-microscopic evidence of iron accumulation in the stroma of immature red cells in lead poisoning has recently been reported by Bessis and Breton-Gorius (61) . The finding here that blocking heme synthesis with lead caused an accumulation of iron in the reticulocyte membrane rather than in the water-soluble phase of the cell interior also indicates that, whereas the uptake of iron by the immature red cells may not be dependent upon heme synthesis, the release of iron from the membrane into the cell interior may be so dependent.
The failure of anoxia to stimulate iron uptake by reticulocytes in vitro (indeed its mild inhibitory effect) is in accord with observations of others that the maturation of immature red cells (62) and their incorporation of iron into heme (63) are somewhat inhibited, rather than stimulated, by anoxia. Thus, in terms of the ability of immature red cells to take up iron, to incorporate iron into heme and to mature morphologically, there is no evidence of a direct anoxic stimulus to red cell metabolism. The possibility that the rate of uptake of iron from IBP by reticulocytes in vitro is influenced by the presence of a plasma erythropoietic factor seems theoretically remote, since, in rabbits, this factor appears to act by stimulating cell division rather than the rate of maturation or hemoglobin metabolism (64) . Indeed, it is characteristic of the active erythropoietic response to acute anoxia that the increase of red cells exceeds that of hemoglobin. Nevertheless, in an attempt to explore this possibility, the uptake by rabbit reticulocytes of Fe59 bound to rabbit plasma was measured in the presence of large volumes of plasma drawn before, and two days after, strenuous bleeding of the same rabbits. As determined by the Fe59 uptake and measurement of the iron content of the plasmas, there was no difference in the iron uptake by reticulocytes in the presence of "anemic" plasma as compared to "nonanemic" plasma.
To recapitulate the above, it is suggested that the utilization of iron by immature red cells can be separated into three phases: 1) Iron bound to IBP is transferred by competitive binding to specific receptors on the cell surface. These receptors may be effaced by certain proteolytic enzymes.
2) The functioning of these receptors is dependent upon metabolic energy, possibly for synthesizing receptors or for facilitating the release of iron from the receptors into the cell interior. This phase may be blocked by various inhibitors of oxidative metabolism. 3) Iron is then incorporated into hemoglobin, presumably under the control of the microsomes and mitochondria of the cytoplasmic reticulum.'2 This stage may be blocked by low concentrations of lead.
It is of great interest that trivalent cobalt is bound by IBP in a manner comparable to iron. Cobalt, like iron, is capable of forming reversible combinations with molecular oxygen, when in the cobaltous state and linked to histidine (66) . Its position in the porphyrin ring of the vitamin B12 molecule is analogous to that of iron in heme. Finally, it has the unique but still obscure capacity to stimulate erythropoiesis. It was found possible to substitute cobalt for iron in the interaction between IBP and the reticulocyte surface. However, the highly oxidant milieu needed for chelation of cobalt by IBP probably does not exist physiologically. Nor was it possible to produce polycythemia in rats repeatedly given cobalt combined with rat IBP in vitro. Finally, the fact that free Co++, unlike iron and chromium, is itself taken up by immature red cells with greater avidity than by adult red cells may be more pertinent to the mechanism of cobalt polycythemia than the reactions between cobalt and IBP. Iron appears to be directly transferred to these receptors without existing in a free form; and iron once bound to reticulocyte membranes is not exchangeable with free iron and cannot be eluted with high concentrations of IBP or of ethylenediaminetetraacetic acid (EDTA). The transfer of IBP-iron to immature red cells, unlike the adsorption of free iron, is related to metabolic energy-producing processes. Thus, it is accelerated by glucose and oxygen and is diminished or blocked by low concentrations of metabolic inhibitors, by nonphysiologic temperatures and by hemolysis. The uptake of iron is not primarily linked to heme synthesis. Appropriate concentrations of Pb++ blocked iron incorporation into heme by reticulocytes without reducing iron transfer, thus causing a pile-up of iron on the cell membranes.
Unlike reticulocytes, rat liver slices take up iron in appreciable amounts only at high IBP saturations. The transfer of iron from IBP to liver slices is not dependent upon metabolic energy and iron accumulated by liver slices can be eluted with unsaturated IBP.
Although free iron is usually bound equally by mature and immature red cells, free cobalt is more avidly bound by the immature cells. Trivalent cobalt, which forms colored chelates with purified IBP as does iron, also is bound by the IBP of whole plasma. Cobalt bound to IBP can, to a limited extent, be transferred preferentially to reticulocytes. However, the combination of Co+++ and IBP probably does not occur under physiologic conditions and is probably not involved in the induction of cobalt polycythemia.
